Background: Supernumerary chromosomes (B) comprise optional complement to basic (A) chromosome set. The presence of B-chromosomes may significantly reduce plant vigor and fertility. Potentially active genes constitute only small fraction of DNA of these chromosomes indicating that these effects are mediated by epigenetic mechanisms. One example is down-regulation of rDNA genes and condensation of their respective chromatin regions (demonstrated in squashed preparations using 2D microscopy). It may be postulated that the presence of B chromosomes leads to more extensive changes of local chromatin structure. Verification of hypothesis requires studying 3D spatial architecture of intact nuclei in tissue. Results: An image processing algorithm was developed and applied for isolation (from the confocal datasets) of regions corresponding to single nuclei. The nuclei were segmented using iterative global thresholding followed by growing and merging of regions belonging to different nuclei. The result of segmentation was verified by a human observer. Chromatin architecture was characterized quantitatively using global fluorescence intensity distribution measures (mean, variance) and local intensity distribution parameters (haraclick features, wavelet energy, runlength features). The sets of parameters corresponding to populations of nuclei with different number of B-chromosomes were subjected to discriminate analysis. The distinct parameters were then correlated with depth in tissue at which a given nucleus was positioned. Conclusions: Combination of light microscopy with dedicated image processing and analysis framework made it possible to study chromatin architecture in nuclei containing various number of B chromosomes. These data indicate that alterations of 3D chromatin distribution occur globally in the interphase nuclei in the presence of Bs. The changes occur at the spatial scale comparable with the resolution limit of light microscopy and at larger distances.
Introduction
Supernumerary chromosomes (B), present in a number of plant and animal species [1] , are facultative complement of basic chromosome set (A). The B chromosomes are mostly smaller than their counterparts of the A set and their numbers may vary between different organisms in one species or different cells in one organism [2, 3] These chromosomes have high content of repetitive DNA sequences and thus may be abundant in constitutive heterochromatin [3] [4] [5] . Only small fraction genetic material of B chromosomes contains potentially active genes [3] . In plant organisms known genetic sequences of this kind contain mostly rDNA transcribed to 45S pre-ribosomal rRNA [3, [6] [7] [8] [9] [10] . The presence of B chromosomes may significantly (usually in a negative way) affect vitality and fertility of an organism [2, [11] [12] [13] . Interference of B chromosomes with normal flow of mitosis and meiosis is well documented but little is known about their effects in interphase nuclei. One example is down-regulation of the activity of rDNA genes [8] . B-chromosome effects may be mediated by epigenetic mechanisms. These mechanisms include methylation of DNA and histones as well as acethylation and phosphorylation of the latter [14] . Changes of molecular chromatin structure are accompanied by recruitment of specific proteins and alteration of spatial (3D) chromatin architecture [15, 16] . Moreover, the presence of blocks of constitutive heterochromatin may facilitate heterochromatization of potentially active chromatin regions [17, 18] . Indeed, condensation of NOR and satellite regions of chromosome 1 in rye in the presence of B chromosomes was reported in [7, 8] . Modification of the spatial structure of rDNA loci was described in other studies as well [9] . One may hypothesize that this effect is not unique to rDNA genes and that the presence of B chromosomes leads to more extensive changes of local chromatin structure [1, 8, 11, 19] . To verify this hypothesis in plants one needs to study spatial (3D) architecture of intact nuclei in tissue.
Cellular morphology may be analyzed in quantitative manner using mathematical descriptors (features) of texture of light micrographs [20, 21] . In particular, the texture features have been applied to investigate dependence between chromatin architecture and its functioning [22] [23] [24] [25] . However, the spatial (3D) structure of chromatin in plant nuclei containing B chromosomes has not been directly investigated. The majority of currently available data has been obtained from genomic studies or cytological examination of spread metaphase chromosomes or squashed preparations of interphase nuclei by 2D light microscopy [3, 8, 13] .
Therefore, in this study, a plant characterized by simple karyotype (Crepis capillaris) [26] was used to study effects of the presence of B chromosomes with 3D light microscopy. Only root meristem regions of this nonpolysomatic plant were imaged to eliminate possible influence of karyotype variability other than that connected with the supernumerary chromosomes. Technique of segmentation of nuclei from 3D images of the tissue was developed together with a method for quantification of changes of chromatin architecture. Lastly, statistical techniques were applied to isolate major elements of the postulated changes of chromatin structure and to facilitate biological interpretation of these findings.
Methods

Preparation and Imaging of Biological Material
Crepis capillaris (L.) plants with different number of B chromosomes (2n = 6 + Bs) were use in this study. To have suitable amount of root meristems of each genotype a culture of hairy roots was established. Hairy roots were induced by direct infection of young leaves of C. capillaris with Agrobacterium rhizogenes according to [27] and four lines of roots with 0 -3B chromosomes were obtained. The transformed roots were cultured on liquid 1/2 MS medium (Sigma, Poland). The culture was maintained for two years, by passages every 3 weeks to fresh medium. Transformed roots were isogenic, thus each line was a clone of one root and stable at the diploid level even in long-term culture [28, 29] . Meristem parts of the roots were fixed (7 days after a passage) in physiological ionic strength and pH (1% formaldehyde in PBS, pH 7.4), and stained with 0.002% DAPI (v/w). The material was mounted in PBS with DAPI on glass slides for microscope imaging. Series of optical sections (stacks) were registered using a confocal fluorescence microscope (Olympus FV-1000) equipped with a 60×, 1.2 numerical aperture (NA) PlanApo water-immersion objective, primary dichroic mirror 405/488 nm and a 25 mW diode laser (Coherent BV, the Netherlands). Image registration was optimized so as to eliminate photobleaching while preserving good light penetration depth. Fluorescence of DAPI was excited using 405 nm light and detected in the range 420 -485 nm. The confocal aperture was set equal to one Airy unit at maximum of DAPI emission. Series of optical sections of 640 × 640 pixels were registered using photon counting at 5 µs/pixel dwell time. The voxel dimensions in the object space were 70 nm in both x and y dimensions and 210 nm in z direction, respectively. Sets of nuclei corresponding to different numbers of B chromosomes were obtained by imaging of 10 to 15 roots for each B variant. Usually from 75 to 200 nuclei could be segmented from a stack (as described further), so the number of nuclei corresponding to each B variant was between 700 and 1300.
Image Processing and Analysis
Regions corresponding to single nuclei were isolated from the confocal datasets using an image processing routine developed for this task (Figures 1 and 2) . It should be noted that attenuation of image brightness with depth occurred in the imaged plant tissue (as a result of light absorption and scattering, see Figure 2 (B)). Therefore, to correct for this effect optical sections were transformed (using piece-wise histogram stretching) sequentially starting from the top (the brightest) so that 5, 25, 50, 75 and 95 percentiles of intensity histogram of a section were identical to the respective values for its predecessor in series. The corrected 3D data sets were subjected to median filtering (3 × 3 × 3 voxel mask) and segmentation in order isolate nuclei (Figure 1) . First, the binary mask containing all nuclei was calculated using multiple thresholding with Otsu algorithm [20, 30, 31] where the lowest of the 5 thresholds (minimum signal intensity) was used for global binarization. Since single binarization with this minimal threshold resulted in merging of volumes corresponding to single nuclei (Figures 2(C), (D) ) an iterative segmentation procedure was used. The stacks were sequentially thresholded starting from the maximum intensity and newly detected pixels were subjected to binary closing. These pixels were assembled in continuous groups (8-connectivity) and labeled (in each step) depending on whether they were adjacent to previously labeled groups (objects). In order to detect adjacency the previously detected objects were dilated 3 times and logical sums with all new groups were calculated. Each new group was combined with the already detected object with the largest non-zero union. The merging was executed starting from the largest new group and continued until no groups were left to merge. The threshold was then lowered and the whole procedure repeated until the minimum intensity was reached. The objects which were touching the border were excluded from the data set. Similarly, the objects too small (volume below 20000 voxels) to represent whole nuclei were discarded. Finally result of segmentation was validated by a human observer (Figures 2(E 
), (F)).
Sets of resulting binary masks (belonging to correctly isolated interphase nuclei) were used to calculate several morphological parameters with original (uncorrected) image data as the second input. A set of parameters (calculated for each nucleus) included: the shape parameters (volume, linear dimensions, circularity), the global chro- matin fluorescence (DAPI) intensity distribution measures (mean, variance, skewness) and the local distribution parameters of chromatin fluorescence intensity (Haraclick features, wavelet energy, run-length features). The Haralick (gray level co-localization matrix, GLCM) features (parameters) included: variance, entropy, contrast, sum of squares, correlation and homogeneity [32, 33] . The GLCM parameters were calculated on the distances corresponding to: 3, 6, 9, 12, 15 and 18 pixels (from 210 to 1260 nm in xy direction, respectively). The wavelet (Haar) decomposition was calculated on 3 decomposition levels, whereas each level corresponded to 7 sub-bands (application of either low-or high-pass filter in each of 3 dimensions). Therefore, the analyzed details corresponded to 2 -8 pixels or 140 -560 nm spatial distance in the xy direction (see Table 1 ). The average (computed over volume of a nucleus) absolute amplitude was used as the energy estimator. The run-length (RL) features were calculated in the xy plane (in directions corresponding to 0, 45, 90, and 135 degrees with respect to the x axis of the dataset) and comprised: fractions of short and long runs, gray level non-uniformity, runlength non-uniformity, and fraction of pixels in runs [32, 34] . In total, 113 parameters characterizing local intensity distribution were calculated for each nucleus. The segmentation and calculation of the parameters were implemented under Matlab R2007b (The MathWorks Inc., Maryland, USA). The sets of parameters corresponding to populations of nuclei with different number of B-chromosomes (0, 1, 2 or 3) were subjected to discriminant analysis using a binary decision tree (classification and regression trees, C&RT) method [35] . The exhaustive search of the parameter space was used and the quality of fit was estimated with Gini's coefficient. The tree was pruned using classification error and the parameters were ordered with respect to their discriminative power. Subset of parameters constituting optimum classifier for nuclei with different numbers of B-chromosomes was isolated. The classifier was used as an exploratory technique to assist biological interpretation of the elements (parameters) which contribute to the change of the chromatin distribution (texture) in the presence of B chromosomes. Hence, these parameters were correlated with depth in tissue at which a given nucleus was positioned. This step made it possible to explore magnitude of differences in those texture elements which contributed to the differences in chromatin distribution. Furthermore, the absence of classification artifacts caused by the loss of apparent optical resolution (manifested with image blurring) could be ascertained. The statistical analysis was carried out using Statistica 6.0 (StatSoft, Poland).
Results
Isolation of the Significant Parameters
The parameters characterizing local fluorescence intensity (chromatin) distribution were subjected to discriminant analysis (see Methods) to isolate the set of features which were distinct for nuclei containing different numbers of B chromosomes (from 0 to 3). The decision tree, constructed using the full set of 113 parameters, contained 33 nodes (decisions) and provided 99% overall classification efficiency (data not shown). Reduction of this tree to 8 nodes (Figure 3 ) demonstrated that the following parameters brought the most significant contribution to the classification: the correlation (GLCM features), the wavelet energy (1 and 2 level of decomposition), the long run emphasis and the fraction of pixels in runs (run-length features, 0 and 90 degrees). These parameters were analyzed in details as described further. The reduced tree provided overall 65% percent classification ( Table 2) . One note that the largest probabilities of misclassification corresponded to discrimination between nuclei containing 2 versus 3 and 1 versus 2 B chromosomes, respectively.
The GLCM Parameters
The GLCM (Haralick) correlation brought the most significant contribution to the classification of nuclei containing different numbers of B chromosomes. The correlation (representing average of pairs of pixels separated by a given distance) decreases with increasing difference between respective pixel intensities [33] . In other words, the correlation is high when the intensity distribution is uniform (no pattern) and low when intensity non-uniformity (granular pattern) occurs. The sum entropy is minimal when the sum of intensities of pixel pair may accept only one value and maximal when all the possible values of this parameter are equally probable. The average difference is a measure of absolute difference of intensities of pixel pair. These two parameters reflect regularity of texture pattern.
In the nuclei of C. capilaris the GLCM correlation measured at the distance of 3 pixels (210 nm) was high and increased with the depth at which a nucleus was positioned in the tissue (Figure 4(a) ). The nuclei containing no B chromosomes exhibited higher values of this parameter compared to their counterparts carrying from 1 to 3 Bs. One may note that the correlation measured at this distance was similar for all the nuclei containing B chromosomes. The same pattern appeared at the 6 pixel (420 nm) distance (Figure 4(b) ), although the difference between nuclei devoid of (0 B) and containing B chromosomes (1 B, 2 B and 3 B) was smaller. Here, too, the values increased with the depth. No significant difference between those two classes of nuclei was detectable at 9 pixel distance (630 nm, Figure 4(c) ). However, the values of the GLCM correlation measured at 12 and 15 pixel distance (840 nm and 1050 nm, respectively) were higher in nuclei containing B chromosomes than in their 0 B counterparts (Figures 4(d) and 4(e) ). It may be noted that the difference between these two groups of nuclei studied at the 18 pixel distance (1260 nm) is smaller than in two previous cases (Figure 4(f) ). The GLCM sum entropy measured at 3 pixel distance (210 nm, Figure 5(a) ) was larger in 3 B than in 2 B nuclei. On the other hand the GLCM average sum measured at 9 pixel distance (630 nm, Figure 5(d) ) was lower in the former than in the latter class (see also Figure 3) . No other differences between 0 B, 1 B, 2 B and 3 B were detectable using this parameter.
It may be concluded that the chromatin in nuclei devoid of B chromosomes was arranged in small size blocks (210 nm -420 nm). On the other hand the chromatin in nuclei containing from 1 to 3 of those accessory chromosomes contained larger blocks of chromatin (840 nm -1050 nm). It is likely that the differences between nuclei carrying from 1 to 3 B chromosomes were minor and connected with regularity of the chromatin distribution pattern.
The Run-Length Parameters
The short-and long-run emphases are measures of prevalence of short and long runs of identical pixels in the set all runs detectable in a nucleus. Fraction of runs re- flects the content of pixels which are arranged in runs (long and short, 34).
One may note that, using the short-run emphasis two fractions could be distinguished in each of the analyzed populations of the nuclei (containing different numbers of B chromosomes). The values of this parameter were low in the 0 B nuclei compared with their counterparts with the supernumerary chromosomes (Figures 6(a), (b) ). No significant differences were observed between the latter populations (containing 1 B, 2 B or 3 B) . It should be noted that the values of this parameter decreased with the depth at which a nucleus was positioned in the tissue. The two fractions of 0 B nuclei were also detectable with the long-run emphasis (Figures 6(c), (d) ). However, the values of this parameter in the 0B nuclei were higher (the first fraction) or similar (the second fraction) compared to the respective values of the nuclei containing B chromosomes (Figures 6(c), (d) ). These two fractions were not detectable in any of the latter classes of nuclei (Figures 6(c), (d)) . The values of the long-run emphasis were not affected by the position of nucleus in tissue, with the exception of the first fraction (0 B nuclei) where the values increased with the depth. Analysis of the values of the fraction of pixels in runs indicated the existence of the two groups of 0 B nuclei (Figures 6(e), (f) ). However, similar two groups were not detectable in 1 B, 2 B or 3 B nuclei. The values of the long-run emphasis were not significantly affected by the position of the majority of nuclei in tissue (Figures 6(e), (f) ). A decrease with depth was observed only in one fraction of nuclei containing no B chromosomes.
One may hypothesize that the nuclei devoid of accessory chromosomes exhibited smaller regularity of chromatin texture (and thus its spatial distribution) than their counterparts containing 1 B, 2 B or 3 B. Furthermore, the difference between two fractions of nuclei was the most pronounced in the former class.
Wavelet Energy
The nuclei carrying from 0 to 3 B chromosomes exhibited differences with respect to their chromatin texture quantified using the wavelet energy on 1 and 2 levels of decomposition (see Materials and Methods). These data indicate the presence of two groups of nuclei (0 B, 1 B, 2 B and 3 B). The first of these groups was characterized by higher whereas the second by lower energy in all the sub-bands of the 1 decomposition level (Figure 7) . One should note that the difference between those two classes was the most pronounced in the population of 0B nuclei (red symbols), less in 1 B (green symbols) and the least pronounced in populations of 2 B and 3 B nuclei (blue and cyan symbols, respectively). The values of the wavelet energy decreased with the depth at which a nucleus was positioned in the tissue. Nonetheless, they tended to be larger for nuclei devoid of the supernumerary chromosomes than in the nuclei carrying those (Figure 7) . The two groups of nuclei were also observed when the energy corresponding to the second level of decomposition was analyzed (Figure 8) . The difference in the energy between those groups was largest in the case of 0 B whereas lower values of this parameter were measured in the nuclei containing accessory chromosomes. The wavelet energy decreased with the depth in tissue as well (Figure 8) .
The analysis of the wavelet energy indicates that the chromatin of the nuclei devoid of B chromosomes contained more small blocks (<560 nm in xy direction) than chromatin of the 1 B, 2 B or 3 B nuclei.
Discussion
The distribution of chromatin in the nuclei of C. capilaris was visualized using DAPI as fluorescent DNA stain. The dye has the advantages of being stoichiometric [36] , and having low affinity for RNA. Nonetheless, DAPI may exhibit non-uniform binding to DNA strand as the affinity for the regions rich in AT pairs it greater than for the regions rich in GC pairs [37, 38] . This preferential binding is used to identify condensed (mitotic) chromosomes with their characteristic banding pattern [39, 40] . It should be noted that intensity contrast between AT and GC bands in mitotic chromosomes of C. capilaris (DAPI staining) is much lower than between the dim and bright chromatin texture elements in the interphase nuclei (data not shown). On the other hand similar chromatin texture was observed in the nuclei stained with propidium iodide, a dye which does not exhibit the preferential binding. Thus, one may assume that the observed non-uniformity of fluorescence (texture) in the nuclei was not an artifact and reflected non-uniform chromatin distribution.
It should be noted that refractive index of analyzed plant may be different from that of water (i.e. mounting medium) and is in general non-uniform owing to the presence of cellular structures (ex. cell walls). Therefore, light micrograhs of nuclei in this tissue were affected by light scattering and absorption (resulting in loss of image contrast) as well as optical aberrations (leading to image distortion). As a consequence, decrease in practical (achievable) microscope resolution with depth in the tissue was observed. This effect was reflected in texture of nuclear images (studied with mathematical measures). One might attempt to eliminate this effect with image deconvolution. However, no standard existed to ascertain that such attempt was successful and did not produce artifacts of its own. Thus, the values of texture parameters were studied with respect to the position (depth) of the respective nuclei in the tissue. This approach confirmed that differences in texture were observed between nuclei carrying different number of B chromosomes but positioned at the same depth in tissue. Therefore, the differences detectable between populations with C&RT classifier might not result from the nuclei positioned at different depths within the meristem in these populations. One may also note that the nuclei positioned near the surface of the tissue tended to be bigger than their counterparts at greater depth. However, by the same token, this fact did not render the differences between the 0 B, 1 B, 2 B and 3 B populations artifactual. It should be noted that the differences in nuclear texture between these populations were also apparent on visual examination.
The changes in chromatin architecture (monitored with the texture parameters) reflect transition between its condensed and relaxed form (eu-and heterochromatin). The content of these chromatin fractions in nuclei of C. capillaris has not been determined exactly. However, judging by the extent of the areas strongly stained with DAPI in mitotic chromosomes (C-band pattern), one may estimate that heterochromatin content of these chromosomes may approach 30% (data not shown). Molecular studies demonstrated that heterochromatin (histones H3 methylated at lysine 9) is present also outside of C-bands in these chromosomes [41] . On the other hand single B chromosome of Crepis capillaris may contain over 30% of heterochromatin [10] . The results of the former study [41] agree with this notion indicating that euchromatin content of these chromosomes is approximately 60% while a block of inactive chromatin is present in centromer and pericentromeric region. It should be noted that studies of mitotic chromosomes are based only on visible differences between constitutive heterochromatin and euchromatin and may not provide exact estimate of interphase heterochromatin which also includes facultative heterochromatin. Nonetheless, one might still hypothesize, that the differences in chromatin texture reflect simply the increase in heterochromatin content with increasing number of B chromosomes. If that was the case the greatest difference between 0 B and 3 B might be expected, whereas the differences between 0 B and 1 B, 1 B and 2 B, 2 B and 3 B should be smaller and similar (in magnitude) to one another. This was not observed, as the differences were the most pronounced between nuclei devoided of and containing accessory chromosomes, whereas smaller between all the classes belonging to the latter group.
The presented results were obtained using organ culture. This approach made it possible to obtain large quantities of biological material (meristem tissue) with dif-ferent (and stable) numbers of B chromosomes. These requirements could not be met in practice when actual plant seeds were used to grow seedlings. Nonetheless, one might hypothesize that some aspects of cell biology were affected by the long-term tissue culture conditions. The presented work is focused on only one such aspect, namely the impact of the presence of different numbers of B chromosomes on nuclei architecture. One should note that C. capillaris is nonpolysomatic plant with very simple karyotype (6 chromosomes in the A set). Thus, this organism was found to be cytologically quite stable even in long term culture conditions [42, 43] . No major chromosomal aberrations were detectable in our material using DAPI/CMA3 banding. The fact that the cells used to obtain the presented data were able to divide is in agreement with this notion. Furthermore, similar data were obtained using the material delivered from seeds (0 B and 1 B, data not shown). Consequently, it seems unlikely that the culturing affected the results of this study (comparison between nuclei with and without B chromosomes). Nonetheless, it may be hypothesized that the observed effects were a result of minor mutations of the A genome. One should note that the magnitude of changes of chromatin structure followed the number of B chromosomes in systematic manner which renders this possibility unlikely. Thus, presented data indicate that alterations of 3D chromatin distribution occur globally in the interphase nuclei in the presence of Bs. The changes were large enough be detected with the resolution scale provided by light microscopy (i.e. significant in comparison with the nucleosome size). The impact of B chromosomes on organization of the chromatin of the A chromosome set was previously reported by other workers [7] [8] [9] . It should be noted that only specific (rDNA) chromatin regions in squashed nuclei were investigated due to the constraints of 2D microscopy. The presented data indicate that these effects may not be unique to rDNA but constitute a more general mechanism of modulation of chromatin structure (and its activity).
Conclusion
In this paper we present an evaluation of the impact of B chromosome presence on the global interphase nucleus architecture. Basing on image processing and extended image analysis framework we created an algorithm enabling us to measure the differences between nuclei with different B chromosome numbers. The analysis were conducted on nuclei visualized in DAPI stained root meristems, allowing us to avoid the bias connected with severe staining procedures and nuclear isolation. Calculated parameters provided evidence for significant difference between nuclei from populations with different B numbers. Observed changes were specific, B number dependent and were not a simple result of the heterochromatin volume incensement. Thus, we provide evidence for the impact of B chromosome presence on the global chromatin condensation pattern.
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